Pressures at multiple sites in the thorax of supine anesthetized dogs were recorded simultaneously with fluid-filled catheters inserted percutaneously. Pleural and pericardial pressures were corrected to the level of their respective recording catheter tips as determined by roentgenograms. Intracardiac pressures were referred to the midthoracic coronal plane or to the vertical level of the pericardial catheter tip.
• The inextensibility of the pericardial membrane was recognized before the turn of the century. However, the functional role of the pericardium, especially in relation to restriction of cardiac dilatation, remains questionable. Barnard (1) , who demonstrated the inextensibility of the fibers of the pericardium, Evans and Matsuoka (2) , and Kuno (3) concluded that the pericardium limited diastolic dilatation of the heart and relieved strain on the right ventricle under conditions of markedly increased venous pressure.
After observing the effects of chronic exercise on pericardiectomized dogs, Beck and Moore (4) concluded that the pericardium is not essential to life. Furthermore, it is now well known that congenital deficiency of the pericardium produces no symptoms referable to the cardiovascular system (5, 6) . Gibbon and Churchill (7) found no difference on opening the pericardium in resting arterial or venous pressure or in the changes produced by clamp compression of the pulmonary artery or aorta.
Fineberg (8) demonstrated that 21 to 79 ml of saline could be introduced into the pericardial space of dogs weighing 7.5 to 17 kg without interference with ventricular filling. He considered this volume, or pericardial capacity, as the margin by which the normal heart might dilate without restriction by the pericardial sac.
However, Berglund and Sarnoff (9) and Berglund and others (10) reported that right ventricular stroke work, which was reduced after imposing increased resistance to left ventricular outflow, increased when the pericardium was opened. Similarly Hefner and coworkers (11) compared left ventricular pressure-circumference curves with the pericardium opened and resutured and found a pericardial limitation of ventricular expansion when the ventricular filling pressure exceeded about 10 mm Hg. Holt and coworkers (12) measured increased pericardial pressures during plethora, which they interpreted as indicating pericardial limitation of atrial and ventricular distension with consequent maintenance of relatively low transmural pressure.
The development of a technique for percutaneous introduction into the pericardial space of a small (1.2-mm diameter) catheter (13) made possible the investigation of pericardial function in anesthetized dogs without thoracotomy. The production of acute heart failure in these dogs by balloon obstruction of the main pulmonary artery, aorta, or both, under conditions of normal volumes of blood and pericardial fluid, was not accompanied by systematic increases in pericardial pressure.
Methods
Mongrel dogs weighing 18 to 22 kg were anesthetized with morphine, 5.0 mg/kg given subcutaneously, followed by intravenous sodium pentobarbital in amounts of approximately 25 mg/ kg. The hair was clipped from the ventral part of the neck and thorax. A flexible cuffed polyvinyl endotracheal tube was inserted, and the animal was allowed to breathe spontaneously. Ambient air was supplemented by a flow of sev-eral liters of 99.6% oxygen per minute through a polyethylene catheter inserted to near the intrathoracic terminus of the endotracheal tube.
The technique of percutaneous introduction of a catheter into the pericardial space has been described in detail elsewhere (13) and will be reviewed here only briefly. With the dog supine, the olive tip of the pericardial catheter introducer assembly ( Fig. 1) is advanced to the cephalic border of the heart under fluoroscopic control through the superior mediastinum along the ventral surface of the trachea after its insertion through a stab wound in the skin just cephalad to the suprasternal notch. The dog is rotated carefully to the left decubitus position, and the olive tip is advanced further until it is seen to indent the cardiac silhouette anterior to the origin of the great vessels. The catheter, with its stylet of hypodermic tubing protruding about 2 mm, is then advanced from the olive tip, and the pericardium is punctured. The catheter is advanced over the stylet, the stylet is withdrawn, and the catheter is positioned in the desired location within the pericardial space. Preliminary confirmation of the presence of the catheter tip within the pericardial space can be made by withdrawal of a few miUiliters of pericardial fluid.
The equipment and technique for percutaneous introduction of catheters for recording intrapleural pressures also have been described recently (13) and were used in these dogs. Catheters were positioned substernally and in the paravertebral gutter within the pleural space on the right side and in the paravertebral gutter dorsal to the heart or in the hilar region of an interlobar fissure within the pleural space on the left side.
With techniques previously developed in this laboratory, catheters were introduced by percutaneous puncture and positioned with their tips in the pulmonary artery, right ventricle, right atrium, thoracic aorta or left ventricle, left atrium, and femoral artery. A catheter was also placed in the esophagus. All intrathoracic catheters had open bird's-eye tips which were positioned near the midcephalocaudad region of the heart (tricuspid level) and were filled with heparinized Ringer's solution. Pressures transmitted via these catheters and in the endotracheal tube were Assembly for percutaneous introduction of no. 4F catheter for recording of pericardial pressure. Olive tip of needle guide with bird's-eye tip of Teflon catheter and its hypodermic stylet needle protruding as for pericardial puncture. Balloon-tip catheters (size 8F) were placed in the main pulmonary artery and thoracic aorta for subsequent inflation in order to produce partial obstruction to ventricular outflow and a resulting increase in ventricular end-diastolic and mean atrial pressures.
The positions of the catheter tips within the thorax were determined by posteroanterior and lateral roentgenograms, a reference guide of known dimensions being used to correct for magnification ( Fig. 2) . The positions were confirmed at autopsy after each experiment.
Intrapericardial, intrapleural, and esophageal pressures were referred to the levels of the respective catheter tips in the thorax and circulatory pressures to the midthoracic coronal plane. When compared with pericardial pressure, atria] pressures were expressed as those at the vertical level of the pericardia] catheter tip. The midthoracic coronal plane is the horizontal plane midway between the ventral and dorsal surfaces of the thorax.
Results
Mean end-expiratory pericardial pressure, corrected to the level of the catheter tip, averaged -5.0 cm H 2 O and ranged from 0 to -13. The right panel of Figure 3 shows an example of a pressure recording made with the catheter in a ventral location within the pericardial space. In this particular location, the pericardial pressure becomes more negative with each ventricular systole, and enddiastolic pericardial pressure is easily discerned. Records from other portions of the pericardial space-specifically, an atrium, the Recording of simultaneous pressures from multiple sites within thorax of 17.5-kg dog before and during balloon obstruction of pulmonary artery. Pericardial catheter tip was ventral to right ventricle. See text for description. atrioventricular groove, or the dorsal surface of the heart-did not show the marked increase in negativity at systole shown in this figure. The general contour of the pressure pulse often was an inverted image of that of the cardiac chamber adjacent to the pericardial catheter tip.
In three dogs mean end-expiratory pericardial pressures measured from ventral positions in the pericardial space were -10, -11, and -13 cm H 2 O. These values compared with -1 and 0 cm H 2 O in two dogs in which the pressures were measured in positions dorsal to the heart. In all dogs studied, pericardial pressures became progressively less negative as the height above the midthoracic coronal plane diminished, the highest pressures being measured in the two dogs in which the pericardial catheter was dorsal to the heart (Fig.  4) .
Acute right heart failure was produced by balloon obstruction of the pulmonary artery in 10 normovolemic dogs while pressures were recorded continuously. The balloon was inflated by injections of 70$ sodium acetrizoate (Urokon sodium), while its position in the main pulmonary artery was monitored by fluoroscopy. The initial 5 to 8 ml was injected in 1 to 2 min; progressively larger amounts were then injected until right ventricular systolic pressure increased to 50 to 70 cm H 2 O, and then 1 ml was injected at intervals of 1 to t-o ll 12 a - Variation of pericardial pressure with vertical height of recording catheter tip in 10 supine dogs. Note that pericardial pressure became less negative as height above midthoracic coronal plane was diminished. Highest pressures were measured in dogs in which catheter tip was dorsal to heart.
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PRESSURES DURING ACUTE HEART FAILURE 1075 10 min until the right atrial pressure increased markedly and mean aortic pressure decreased to less than 60 cm H 2 O. The total time that the pulmonary artery was partially obstructed ranged from 5 to 25 min and averaged 14 min. Consistent increases in pericardial pressure did not occur (Fig. 5 ), although a marked increase in the area of the cardiac silhouette was demonstrable from anteroposterior and lateral roentgenograms taken during balloon obstruction of the pulmonary artery. In animals in which the catheter was dorsal to the heart, moderate increases in pericardial pressure were recorded, while at ventral sites there was no change or a decrease in pressure. to an average of 26 (range 7 to 39) cm H2O during acute heart failure (Fig. 6 ). The plot of transmural against right atrial pressures shows that the average slope of the lines for individual dogs does not differ systematically from 45 degrees, indicating that the pericardial pressure was unchanged despite the increased transmural mean right atrial and right ventricular end-diastolic pressure (Fig. 6) .
Acute obstruction to left ventricular outflow was produced by inflation of a balloon within the thoracic aorta in nine dogs; the technique was similar to that used for obstruction of the pulmonary artery. Peak systolic pressure in the left ventricle averaged 300 cm H 2 O (range 225 to 380) during aortic obstruction, and left atrial end-diastolic pressure increased from an average of 1.5 (range -2 to 10) cm H 2 O to an average of 16 (range 5 to 28) cm H 2 O. Left atrial transmural pressures averaged 5.0 (range 0 to 10) during the control period and increased to an average of 16 (range 2 to 36) cm H2O during balloon obstruction of the aorta (Fig. 7) .
Despite these increases in left atrial mean and transmural pressures, no consistent increase in pericardial pressure was recorded. This is indicated in the plot of left atrial pressure against left atrial transmural pressure, since the average slope of the lines con- Relation between left atrial intramural and transmural pressures during partial aortic obstruction in nine dogs. Lines and symbols as in Figure 6 . Note again that a slope of less than 45 degrees for lines connecting control and failure values for an individual dog would indicate a restrictive action of pericardium in this animal during period of failure. Average slope of these lines does not differ systematically from 45 degrees.
necting the control and experimental values for each dog is very nearly 45 degrees.
Comment
Pressure measurements from within the pericardial space by direct cannulation of intact dogs, rabbits, and sheep were successfully carried out in 1873 by Adamkiewicz and Jacobson (14) . They reported that pericardial pressure varied from -3 to -5 mm Hg during quiet respiration and reached -9 mm Hg during deep inspiration.
The mean end-expiratory pericardial pressure measured at the catheter tip in the present group of dogs averaged -5 cm H 2 O and thus agrees well with the findings of Adamkiewicz and Jacobson. Their study, done more than 90 years ago, is the only other reported measurement of pericardial pressures in intact animals studied without thoracotomy of which we are aware.
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Morgan and coworkers (15) have recently reported that average pericardial pressures measured during inspiration and expiration were -1 and -10 mm Hg in dogs with cannulae implanted in the pericardial space; their results serve to confirm previously reported data.
Since pericardial pressure is related to vertical height within the pericardium, the position of the recording catheter tip should be specified when pericardial pressures are reported. Since the dorsal-ventral dimensions of the heart were uniformly increased during the periods of obstruction to arterial outflow, the ventral-lying catheter tips were displaced upwards in the thorax during these periods of induced heart failure while dorsal-lying catheters were displaced downwards. This displacement of the catheter tips was apparently responsible for the tendency for pericardial pressures recorded from dorsal-lying catheters to increase slightly during the period of obstruction, while those recorded from ventral (superior) regions in the pericardium usually decreased somewhat (Fig. 5) .
The absence of systematic elevations of pericardial pressure during acute obstruction to ventricular outflow under conditions of normal blood and pericardial volume has a precedent in the studies of Gibbon and Churchill (7) . We conclude from our data that the pericardium does not significantly restrict cardiac dilatation under the conditions of this experiment.
Several observations suggest that under certain conditions the pericardium does act as a restricting membrane to cardiac dilatation, and it would seem helpful to explain the disparity of experimental results. The animals studied in our experiments demonstrated marked increases in right atrial mean and right ventricular end-diastolic pressures during right heart failure and were near death, with marked systemic hypotension. Since further pulmonary artery obstruction apparently would have led to death of the animals, we consider the degree of cardiac dilatation observed roentgenographically as the maximal amount producible by this method in the closed-chest dog, and yet no consistent increase in pericardial pressure was recorded.
Since mean left atrial pressure usually decreased during the maximal severity of right heart failure and left ventricular systolic pressure was severely depressed, it is probable that the volume of blood in the left side of the heart was decreased under these circum- Relation between intrathoracic pressures and volume of fluid (6% Dextran) infused into pericardial space of dogs. Note that degree of increase in pericardial pressure increased sharply after 3 to 4 ml of Dextran/kg of body weight had been added to the pericardial space. Since average body weight of these dogs was about 19 kg, point of inflection of these in vivo pericardial pressure-volume curves occurred at added fluid volume of about 55 to 75 ml.
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stances. This, however, was not the case during acute left heart failure due to partial aortic obstruction. Also, simultaneous partial obstruction of the aorta and pulmonary artery in two dogs did not produce significant increases in pericardial pressure. Considering the estimation of the functional capacity of the pericardium made by Fineberg (8), it appears probable, however, that under these conditions the heart was not sufficiently dilated to entirely fill the pericardium. That this is the case is suggested by the fact that when the same dogs were studied during acute pericardial tamponade, only small increases in pericardial pressure were observed until 3 to 4 ml/kg (average dog weight 19 kg) had been infused into the pericardial space ( Fig. 8 ).
Pressure-volume curves published by Morgan and coworkers (15) also had inflections with rapid increases in pressure after 60 to 180 ml of saline had been added. Therefore, it follows that the position of the pericardial volume on its pressure-volume curve determines whether or not the restrictive capability of the pericardial membrane plays a role in the reaction to various types of cardiac stress.
